Coronavirus disease 2019 (COVID-19) has become a global pandemic, currently affecting 215 countries and regions. Over 5,200,000 confirmed cases, including nearly 340,000 deaths, were reported as of May 24, 2020. COVID-19 severity and mortality are higher in elderly patients with pre-existing chronic diseases [@b0005], [@b0010]. Children seem to be less susceptible to COVID-19 than adults. Among the reported cases in China, pediatric patients under 10 years old accounted for only approximately 1% of the total confirmed patients [@b0005]. Similarly, epidemiological studies found that pediatric cases account for 1%--5% of the diagnosed COVID-19 cases in countries that have had large outbreaks, including China, Italy, the United Kingdom, and the United States [@b0015], [@b0020], [@b0025], [@b0030]. According to the World Health Organization (WHO) COVID-19 global surveillance database of 715,130 cases from 24 February to 13 April 2020, this proportion has been stable over time [@b0035]. Few severe pediatric COVID-19 cases have been reported [@b0005], [@b0040]. It remains unknown why children are at a lower risk for severe manifestations of COVID-19 than adults.

In this retrospective study, 25 patients under 10 years old were selected from a total of 186 laboratory-confirmed COVID-19 patients (Materials and methods, [Fig. S1](#s0015){ref-type="sec"}, and [Table S1](#s0015){ref-type="sec"} online). All patients were enrolled at Taihe Hospital in Shiyan city, located in the northwest of Hubei province, 450 km away from Wuhan city. We comprehensively analyzed the factors associated with the disease outcomes of these pediatric patients.

The symptoms displayed by all 25 pediatric COVID-19 patients were mainly mild, e.g., fever, cough, and more sputum than adults (64.0% vs 24.2%, *p* \< 0.0001). These children did not exhibit fatigue, myalgia, chill, shortness of breath, anorexia, or headache. Notably, 24.0% had diarrhea ([Table S2](#s0015){ref-type="sec"} online). Elevated levels of lactate dehydrogenase, aspartate aminotransferase, high-sensitivity C-reactive protein, and serum amyloid A were frequently detected. In contrast with adult patients, lymphocytopenia, thrombocytopenia, leukopenia, anemia, and hypoproteinemia were absent or rarely found in these children ([Table S3](#s0015){ref-type="sec"} online). Radiographic abnormalities were found in 88.0% of the pediatric COVID-19 patients, with 44.0% having both unilateral and bilateral lesions. Most cases (84.0%) displayed patchy shadows, and one case (4.0%) had ground-glass opacities. None of these children required treatment in an intensive care unit ([Tables S4 and S5](#s0015){ref-type="sec"} online).

The patient age distribution revealed that children of all ages are susceptible to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection ([Fig. 1](#f0005){ref-type="fig"} a). Most children are immunized with routine vaccines, including the tuberculosis vaccine Bacillus Calmette-Guérin (BCG), hepatitis B vaccine, polio vaccine, and measles-mumps-rubella vaccine, receiving doses between birth and preschool age. In China, the majority (77%) of vaccine dosages (i.e., 17 dosages of 10 routine vaccines) are administered to children before the age of 2 years, whereas only five dosages of four routine vaccines are given to children over 2 years old ([Fig. 1](#f0005){ref-type="fig"}b). To further explore how patient age and vaccination status affect pediatric patient recovery from COVID-19, we analyzed the pediatric COVID-19 patient recovery time after stratifying the patients by age. The two groups with children aged under 2 years tended to have shorter periods between the first positive SARS-CoV-2 detection and subsequent negative SARS-CoV-2 PCR results than the other groups of older children ([Fig. 1](#f0005){ref-type="fig"}c). Significant differences in the duration from disease onset to subsequent negative SARS-CoV-2 PCR results were found in both the \< 1-year-old group and the 1--2-year-old group as compared with the 2--3-year-old group ([Fig. 1](#f0005){ref-type="fig"}d). Further age stratification revealed that the \< 2-year-old group recovered an average of 6 days earlier than the older group (11.73 ± 2.76 vs. 17.71 ± 4.71, *P* = 0.0011, [Fig. 1](#f0005){ref-type="fig"}e and [Table S6](#s0015){ref-type="sec"} online). Together, these results suggest that young age and frequent vaccine immunization are related to the fast recovery of pediatric patients.Fig. 1Potential factors that determine the better COVID-19 outcomes in children under 2 years old. **(a)** Age distribution of 25 pediatric patients under 10 years old. **(b)** Immunization schedules of pre-school children in China. **(c)** Duration from SARS-CoV-2 RNA-positive detection to subsequent negative SARS-CoV-2 PCR results for patients with the indicated ages. Data are presented as the medians and IQRs (interquartile ranges); empty circles represent individual patients. **(d)** Duration from disease onset to subsequent negative SARS-CoV-2 PCR results for patients with the indicated ages. Data are presented as the medians and IQRs; *P*-values were calculated by a Mann-Whitney nonparametric *t*-test. **(e)** Duration from disease onset to subsequent negative SARS-CoV-2 PCR results for patients under and over 2 years old. Data are presented as the medians and IQRs; *p*-value was calculated by a Mann-Whitney nonparametric *t*-test. **(f)** Lymphocyte counts at admission and at the time of subsequent negative SARS-CoV-2 PCR results for patients under 2 years old. Empty circles represent individual lymphocyte counts; *P*-value was calculated by a paired *t*-test. **(g)** Lymphocyte counts at admission and at the time of subsequent negative SARS-CoV-2 PCR results for patients over 2 years old. Empty circles represent individual lymphocyte counts; *P*-value was calculated by a paired *t*-test. All the *P*-values from statistical tests were from two-sided evaluations. \*: *P* \< 0.05; \*\*: *P* \< 0.01; ns: non-significant. HepB: Hepatitis B vaccine; BCG: Bacillus Calmette-Guerin vaccine; IPV: Inactivated polio vaccine; OPV: Oral polio vaccine; DTaP: Diphtheria and tetanus toxoid with acellular pertussis vaccine; MPSV-A: Meningococcal polysaccharide vaccine A; MR: Measles and rubella vaccine; JE-L: Live attenuated Japanese encephalitis vaccine; MMR: Measles, mumps and rubella vaccine; HepA: Hepatitis A vaccine; MPSV-AC: Meningococcal polysaccharide vaccine A + C; DT: Diphtheria and tetanus toxoid children's dose.

Because pediatric COVID-19 patients aged under 2 years were found to have shorter recovery times, we next further analyzed the clinical differences between children under and over 2 years old; several variables were compared between these two groups ([Table S7](#s0015){ref-type="sec"} online). The levels of gamma globulin, one class of globulins, decrease soon after birth and then gradually rise to near-adult levels by 2 years of age[@b0045]. As expected, those under 2 years old had lower average gamma globulin levels (19.8 g/L vs. 24.9 g/L, *P* = 0.0065) than the patients aged over 2 years. In addition, a higher proportion of these younger patients (54.5% vs. 14.3%, *P* = 0.0322) had gamma globulin levels below the reference level. Similarly, a prolonged activated partial thromboplastin time (APTT) and shortened prothrombin time (PT) are normally observed during the first 6 months after birth [@b0050]. As expected, a higher percentage of the children under 2 years old had a prolonged APTT (50.0% vs. 8.3%, *P* = 0.029) and a lower percentage of them had a prolonged PT (0 vs. 41.7%, *P* = 0.020) compared with the older children, reflecting their immature hematopoiesis status. There were no differences in any of the symptoms, abnormal laboratory indicators, or CT signs between the two groups. Most noticeably, the patients under 2 years old had significantly elevated lymphocyte counts upon recovery (2.9 ± 1.8 10^9^ cells/L, 95% CI: 1.7--4.2 10^9^ cells/L; *P* = 0.0006, [Fig. 1](#f0005){ref-type="fig"}f). In contrast, the older group had no significant change in their lymphocyte counts ([Fig. 1](#f0005){ref-type="fig"}g). These results indicate that children aged under 2 years respond to SARS-CoV-2 infection better than the older children, despite their immature hematopoiesis.

A number of the pediatric COVID-19 patients (72.0%) had comorbidities, including myocardial damage, liver function damage, electrolyte disorders, or sepsis ([Table S5](#s0015){ref-type="sec"} online). Co-infections with parainfluenza virus, respiratory syncytial virus, adenovirus, influenza viruses, coxsackievirus, Epstein-Barr virus, and mycoplasma were occasionally identified in some patients. Surprisingly, mycoplasma infection was absent in the children under 2 years old, whereas it was present in 75% (9/12) of the patients over 2 years old (*P* = 0.0002, [Table S6](#s0015){ref-type="sec"} online). Thus, in addition to antiviral treatment, inhaled glucocorticoids, antibiotics (intravenously or orally administrated), and traditional Chinese medicine (TCM) were given to the patients for treating symptoms and co-infections. There was no difference in the proportion or duration of treatments, except for TCM and oral antibiotics; TCM treatment (18.2% vs. 78.6%, *P* = 0.0027) and oral antibiotics (0.0% vs. 42.9%, *P* = 0.013) were used less in children under 2 years old ([Table S6](#s0015){ref-type="sec"} online).

In summary, children with COVID-19 exhibited mild symptoms and abnormalities, though comorbidities were common. The pediatric patients under 2 years old controlled SARS-CoV-2 infection and mycoplasma co-infection better and recovered faster than the older patients. Antibiotic and traditional Chinese medicine treatment did not significantly contribute to infection control. Rather, younger age and strong immunity were the factors that determined faster recovery.

It remains unclear why children contract COVID-19 less often and experience less severe cases than adults. One possible explanation is that children have a less intense immune response to the virus than adults [@b0055]. Unlike adult COVID-19 patients who frequently development lymphocytopenia, most of the children in this study had normal leukocyte counts, and neutropenia and lymphocytopenia were rare [@b0005], [@b0010], [@b0060]. Another possibility is that the angiotensin converting enzyme 2 (ACE2) receptor, which is the binding site for SARS-CoV-2 entry, may be expressed differently in pediatric airways from that of adults [@b0065], [@b0070]. Notably, our study found that children under 2 years old appeared to have stronger immunity against COVID-19 than older children. One possible cause is the contribution of maternal immunity. However, this is unlikely given that there was no difference between the infant (\<1-year-old) group and the toddler (1--2-year-old) group. Another possibility is that seasonal coronavirus infection in early life may provide some pre-existing cross-reactive adaptive immunity against SARS-CoV-2 infection. However, a previous epidemiological study revealed that the incidence of seasonal coronavirus infection in children under one year old is not significantly different from that in older children [@b0075]. An additional potential explanation for the strong immunity in children under 2 years old is the frequent administration of routine vaccines because children in China receive the majority of vaccinations during this period.

Besides eliciting immunity to specific pathogens, vaccines also have nonspecific protective effects on unrelated infections [@b0080], known as heterologous immunity. There are two types of heterologous immunity: classical heterologous immunity and trained immunity. Classic heterologous immunity mainly results from the cross-reactivity of T-cell responses to epitopes from different pathogens [@b0085], [@b0090]. Pre-existing cross-reactive T-cell immunity to infections or vaccinations alters subsequent T-cell responses to antigens of unrelated pathogens [@b0090], [@b0095], [@b0100], thus frequently contributing to a protective or pathogenic role in infectious diseases [@b0090], [@b0100]. Trained immunity mediated by primed innate immune cells can last up to 1 month and is able to boost beneficial immune responses to infections [@b0105]. Trained immunity can also last for a relatively long period and protect the host from an unrelated infection [@b0105], [@b0110]. For example, healthy volunteers who received the BCG vaccine 1 month before receiving the yellow fever vaccination had significantly lower yellow fever virus titers than the volunteers who received a placebo vaccination [@b0110]. BCG immunization protects mice from infections of viruses, including influenza virus and rodent coronavirus [@b0115]. Furthermore, consecutive BCG vaccination in humans for 3 months reduced the incidence of acute upper tract respiratory infections by 80% [@b0120]. It is plausible that immunization with routine vaccines, such as BCG [@b0125], in infants generates relatively long-lasting trained immunity. Consistent with this presumption, some scientists are also recommending the use of other live attenuated vaccines, such as OPV (oral polio vaccine) [@b0130] and MMR (measles, mumps and rubella) vaccine [@b0135], as a preventive strategy for COVID-19. These vaccines have been testing in clinical trials (NCT04328441, NCT04327206, NCT04348370, NCT04445428, NCT04357028, etc.) to enhance human immunity against SARS-CoV-2 and mitigate COVID-19 illness. Thus, our present findings provide the first evidence to support the clinical trials.

This study is mainly based on the clinical data of patients in one hospital. Thus, it has some limitations including its sample size, lack of critical severe cases, inability to effectively analyze how different treatments influence patient outcomes. In addition, the low rate of treatment with traditional Chinese medicine in children under two years old may be related to their lower treatment compliance than the older. All these issues are warranted to further being investigated. Nevertheless, we did have a substantial number of patients under 2 years old, who had fewer drug treatments but yet recovered faster. This circumvents at least part of limitations.
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